As with other nature-based tourism ventures, whale shark tourism is expanding rapidly worldwide, which highlights the need to understand more about the nature of these activities. Records of interactions between tour operators and whale sharks at Ningaloo Reef, Western Australia (22. (2009 and 2010) were used to plot the smoothed densities of tour operator interactions with whale sharks. Generalised linear models were used to investigate how the presence/absence and number of whale shark interactions at North and South Ningaloo were influenced by the distance to the reef crest, the distance to passages and their interaction terms for the aggregated five-year data set. Over the five years, distance to the reef crest was the best predictor of the presence/absence of whale shark interactions at both North (interactions concentrated within 3 km of the reef crest) and South Ningaloo (interactions within 6 km of the reef crest) followed by distance to passages. The reef passages are very significant areas for tourism interactions with whale sharks at Ningaloo. The distribution of interactions at North and South Ningaloo varied from year to year, particularly in the strong La Niña year of 2010, when average sea surface temperatures remained above 24 C and whale sharks were observed much later in the year than previously (late August). This study demonstrates the value of the data collected by the tour operators at Ningaloo Reef and managed by a government agency for the conservation and sustainable whale shark tourism.
Spatial and temporal patterns of nature-based tourism interactions with whale sharks (Rhincodon typus) at Ningaloo Reef, Western Australia 
Introduction
The whale shark, Rhincodon typus, is a migratory species that inhabits tropical and warm temperate waters throughout the oceans (Meekan et al., 2006; Holmberg et al., 2009; Sequeira et al., 2013) . They are sighted annually at many locations including Ningaloo Reef, Western Australia in the Indian Ocean and Belize in the Atlantic Ocean, where they aggregate at times of peak food availability brought about by coral and fish spawning (Heyman et al., 2001; Wilson et al., 2001) . Whale shark aggregations have also been identified at Donsol in the Philippines, the Seychelles and at Mozambique (Quiros, 2007; Rowat et al., 2007; Pierce et al., 2010) . The predictable nature of these aggregations provides the basis for a growing nature-based tourism industry that offers patrons the opportunity to swim with a whale shark (Holmberg et al., 2009) . Investigating the spatial and temporal patterns of these aggregations can help to better understand the factors influencing whale shark movements and habitat use and as a consequence, identify areas that may need higher levels of protection in order to help conserve whale sharks.
Nature-based tourism operations that observe and interact with marine megafauna (e.g. whales, dolphins, pinnipeds and sharks) 1 2 3 4 5 6 7 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 have increased greatly worldwide in recent times (O'Connor et al., 2009; Brunnschweiler, 2010; Vianna et al., 2012; O'Malley et al., 2013; Tyne et al., 2014) . For example, in 2009 the cetacean-watch tourism industry exceeded an annual turnover of US $2 billion, with 13 million passengers paying to observe whales and dolphins in their natural environment (O'Connor et al., 2009) . Concerns have arisen that the scale, and lack of appropriate management of this industry, may be having detrimental effects on the targeted populations; through repeated disturbance (Lusseau, 2004; Bejder et al., 2006; Williams et al., 2006) . This concern was documented in 2006, when the International Whaling Commission (IWC) noted that "there is compelling evidence that the fitness of individual odontocetes (toothed whales) repeatedly exposed to whale watching vessel traffic can be compromised and that this can lead to population-level effects" (IWC, 2009 ). This highlights the need to better understand the nature and extent of interactions with these fauna. Other groups of marine megafauna have also been negatively affected by increasing nature-based tourism. For example, feeding stingrays in the Cayman Islands decreased the health and increased the parasite loads of stingrays inside the tourism area compared with stingrays outside this area (Semeniuk et al., 2009) . In a recent review of the biology, fisheries and conservation of the whale sharks, Rowat and Brooks (2012) summarised trends in whale shark tourism from around the world. Expanding whale shark tourism industries have led to declines in the number of whale sharks sighted in Belize and effects on the behaviour of sharks in Donsol, Philippines. Concerns have been raised about the possible impacts of tourism on whale sharks off the Yucatan Peninsula in Mexico, where large numbers of vessels operate (z140) (see Rowat and Brooks, 2012) . Whale sharks aggregate annually at Ningaloo Reef between March and July (Mau and Wilson, 2007; Holmberg et al., 2008; Sleeman et al., 2010a) but the number of sharks observed varies from year to year (Wilson et al., 2001) . The timing of the shark arrival coincides with the annual mass coral spawning (Taylor, 1996) , which generally occurs after the full moon in March and April (Simpson, 1991; Taylor, 1996; Rosser and Gilmour, 2008) . The mass coral spawning produces elevated levels of zooplankton, which provides abundant food for the whale sharks (Taylor, 1996) . Sharks are often observed feeding at Ningaloo (Gunn et al., 1999; Taylor, 2007) , where they appear to target mainly high density surface assemblages of the krill Pseudeuphausia latifrons (Jarman and Wilson, 2004) . To date, there has been no evidence of whale shark mating behaviour at Ningaloo (Holmberg et al., 2008) .
The sea surface temperature (SST) also appears to influence the movement of whale sharks at Ningaloo, with most sharks seen in warmer waters of between 27 and 31 C (Sleeman et al., 2007) . The SST along the coast of Western Australia is influenced by the strength of the Leeuwin Current, a warm water, nutrient poor, southward flowing current that originates in tropical waters to the north of Australia (Cresswell and Golding, 1980; Wilson et al., 2001; Feng et al., 2009) . In La Niña years, the current is stronger and transports more warm water further south, which increases water temperatures at Ningaloo Reef (Wilson et al., 2001; Feng et al., 2009) . The concentration of chlorophyll-a may also influence the movement of whale sharks, as most are sighted in regions with higher chlorophyll-a concentrations (Sleeman et al., 2007) .
The whale shark tourism industry at Ningaloo Reef began in 1989 (Catlin et al., 2010) and has prospered since then, with tourist numbers increasing from 1000 in 1993 to over 17,000 in 2011 17,000 in (DPaW, 2013 . In 2006, the estimated value of the whale shark tourism industry to the local economy was AUD $6 million (Catlin et al., 2010) , a value which has subsequently increased, with participant numbers continuing to grow every year (DPaW, 2013) . The Western Australian Department of Parks and Wildlife (DPaW, formally known as the Department of Environment and Conservation) manages the whale shark tourism industry in the Ningaloo Marine Park and has allocated a restricted number of licences since 1993 (Catlin et al., 2011) . Under the conditions of their licences, tour operators are required to record information on each tour, including the location of interactions with whale sharks (Mau and Wilson, 2007) . The data collected by tour operators provide a unique source of information to investigate the sighting patterns of whale sharks in this region (Wilson et al., 2001) .
The objectives of this study were to 1) describe the pattern of tour operator effort at Ningaloo Reef between 2006 and 2010 to determine how the intensity of operations has changed over this five-year period; 2) investigate the inter-annual variation in the distribution of whale shark tourism interactions at Ningaloo Reef between 2006 and 2010, and 3) determine whether the patterns of whale shark interactions differed between the northern and southern regions of the Ningaloo Marine Park.
Materials and methods

Study area and environmental data
The Ningaloo Marine Park extends from Point Murat (21 50'S) in the north, around the North West Cape and continues south to Red Bluff, extending along approximately 300 km of coastline (Fig. 1) . The marine park has been divided into recreation, sanctuary and general use zones in order to control human activities (Commonwealth of Australia, 2002) .
Monthly values of the Southern Oscillation Index (SOI), which is used as a measure of the strength of the El Ninõ Southern Oscillation (ENSO), were retrieved from the Bureau of Meteorology (BOM) for the years from 1990 to 2011 (BOM, 2013a 
Tourism operations and data
The number of whale shark licences issued at Ningaloo has varied between 13 and15 since 1993, with 14 licenses operating currently. Three operators are located at Coral Bay in the south and 11 are in the north (Catlin et al., 2011 ). An average of five to seven vessels take whale shark tours on any given day during the peak whale shark season at North Ningaloo (i.e. departing from Tantabiddi), with a maximum of 10 vessels.
Three vessels operate from Coral Bay in South Ningaloo. From 1995 to 1999, it was common for each vessel to engage their own spotter plane at North Ningaloo but since then, some operators have shared spotter planes. From 2006 until 2010, one shared plane operated from South Ningaloo and two or three planes have operated from North Ningaloo (one shared, and one or two single operator planes).
The tours leave the moorings at about 08:00 and when a shark is located early in the day (i.e., before midday), finish by about 14:00. If whale sharks take time to locate, spotter planes continue searching and boats remain on the water until 15:30 at the latest, to allow the tour to return to shore by 16:00. If a whale shark is not found, operators guarantee that the participants will be able to go on another tour. Whale shark operators tend to minimise the amount of fuel consumed on any given day and in the north (departing Tantabiddi) decide whether they go out through North Passage or South Passage. They often instruct the pilots to begin their search by concentrating between these two points on the reef and to focus on openings in the reef where whale sharks often surface. If no sharks are found after an hour of searching, pilots are instructed to expand their search up to 30 km further south, increasing the transit time and fuel costs significantly. The northernmost extent of each search by the spotter planes is North Passage along the reef front, sometimes out to~5 km off the reef.
Tour operators will pass, or 'hand-ball', a shark to another operator in close proximity. This practise ensures that all tourists have the opportunity to swim with a whale shark at least once. Data on "hand-balling" are complete only for 2010, when it was estimated that 46% of the total of 3254 recorded interactions were handballed to another operator. Each vessel records the interaction separately and thus the number of interactions includes data on repeat interactions with the same individual on the same day. Wilson et al. (2001) note that if the numbers of interactions is used as an index of abundance, the index is over-inflated when whale sharks are scarce and proportionally more sharks are hand-balled than when whale sharks are abundant.
Data on interactions between whale sharks and tour operators (hereafter referred to as "interactions") were obtained from In 1995, logbooks were introduced for recording data on whale shark tour operations by DPaW (Mau and Wilson, 2007) . Since then, whale shark tour operators have been required to record data 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130 YECSS4452_proof ■ 13 June 2014 ■ 3/11 on the daily operations of the tour, any interactions with whale sharks and details of individual sharks. The following details are recorded for each trip: the number of paying passengers and the start and finish times of the tour. The time the shark was observed is recorded as well as the GPS coordinates of the sighting location, depth, length estimate, sex and whether or not the shark was passed on to another operator ('handballed') (Mau and Wilson, 2007) . The EMS records similar information to the logbooks, with more detail on the interactions with the sharks. The start and end of the interaction are recorded and the GPS coordinates are logged automatically when the start contact button is pressed. Information recorded about the shark includes sex (where possible), length and swimming direction and whether it is a new shark for that day and if the shark was handballed to another operator.
In 2009, 17% of the interactions were recorded in logbooks and the rest in the EMS, while in 2010; all data were recorded in the EMS. Data on the number of tours were investigated for the whole of Ningaloo Reef. The number of interactions and the number of days in which interactions took place were calculated for each month of the main whale shark season (March to July, inclusive) between 2006 and 2010. The average number of tour boats operating on days when interactions with sharks were recorded was also calculated for each season between 2006 and 2010.
Spatial analyses
The logbook and EMS interaction data were analysed in ArcGIS 10. Spatial analyses were performed using plots of the interaction locations (x, y coordinates), which were filtered to remove any outliers. At North Ningaloo, all interactions south of 22 30'S, north of 21 45'S, on the landward side of the reef crest and beyond 8 km seaward of the reef crest were excluded. At South Ningaloo, all interactions north of 22 30'S, south of 23 30'S, on the landward side of the reef crest (except those in the main passage just to the north of Coral Bay) and >18 km seaward of the reef crest were excluded. These criteria for filtering were based on knowledge of where whale sharks are sighted and where tour boats are willing to travel (B. Norman, ECOCEAN, unpublished data). Once the data have been filtered, two study areas were mapped out, one at North Ningaloo and one at South Ningaloo (Fig. 1) , which represent the two regions where all whale shark interactions were recorded.
Kernel densities of the number of interactions per km 2 were calculated in ArcGIS 10, using cell sizes of 500 m Â 500 m and a search radius of 1000 m (taken from the centre of the cell). Maps of kernel density were produced for all years combined and each year from 2006 to 2010 for North and South Ningaloo separately. A grid with 500 m Â 500 m cells was overlaid on to the North Ningaloo study area and intersected with the interaction locations from 2006 to 2010, providing a measure of the number of interactions per grid cell (interaction grid). The interaction grid was intersected with factors including bathymetry and Euclidean (straight-line) distance to the north passage, south passage and the reef crest. Points were created at the centre of the north and south passage ( Fig. 1) to calculate the distance from each passage to the mid-point of each grid cell. The interaction data and the factors investigated at South Ningaloo were processed in the same way as North Ningaloo, except that two different passages (passage 1 and main passage) were used (Fig. 1) .
Data analyses
Pearson correlation analyses were used to examine the relationships between the following factors; distance to reef crest, distance to passages (north and south passage at North Ningaloo, passage 1 and main passage at South Ningaloo and nearest passage at both sites), latitude, longitude and bathymetry. The results from these analyses were used to select factors for inclusion (Pearson cut-off ¼ 0.50) in generalised linear models (GLMs), to investigate the presence/absence (binary logistic model) and the number of whale shark interactions (negative binomial with log link model) at North and South Ningaloo separately. The negative binomial with log link function was used to investigate the number of interactions as this approach takes into account the over-dispersion generally present in count data (Blundell et al., 1995) .
At North and South Ningaloo, correlation analyses indicated that longitude, latitude and depth were highly correlated with the distance to passages or the reef crest and were therefore not entered in the GLM analyses (Table 1) . At North Ningaloo, the distances to north and south passage were highly correlated with the distance to the nearest passage and were excluded. At South Ningaloo the distance to the nearest passage was highly correlated with the distance to the reef crest so it was excluded for this site (Table 1) . Distance to reef crest and distance to nearest passage at North Ningaloo and distance to reef crest, passage 1 and main passage at South Ningaloo were then fitted to GLMs to determine how well they could predict the presence/absence and number of interactions with whale sharks.
The GLM analyses were completed using the full five year data set. Single factor models were fitted first to examine the variation explained by each main factor, followed by fitting models with other factors and interaction terms. The Akaike Information Criterion (AIC) was used to identify the most parsimonious model (Akaike, 1974) .
Results
Environmental data
The SOI values were very high from April 2010 until the end of 2011, indicating a strong La Niña weather pattern (Fig. 2a) . The average sea surface temperatures at North and South Ningaloo followed a similar pattern of seasonal variation but were about 1 C higher in the north than the south (Fig. 2b) . In 2010, 2011, the average SST at North Ningaloo did not fall below 23.9 C (Fig. 2b) . The SSTs were also high at South Ningaloo in 2011 (Fig. 2b) . The annual rainfall in 2006, 2007 and 2009 (134.4e166.4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 much lower than the long-term average rainfall of 253.8 mm (BOM, 2013c) . The annual rainfall was particularly high in 2008 (451.8 mm) and was just above average in 2010 (265.8 mm).
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Tourism interactions with whale sharks
The number of whale shark tours at Ningaloo Reef increased from 520 in 2006 to 886 in 2010 (Fig. 3a) . The number of days that whale shark interactions were recorded between March and July increased by 68% between 2006 (82) and 2010 (138) (Fig. 3b) . The total number of whale shark interactions recorded from March to July increased by over 350% between 2006 (694) and 2010 (3254) (Fig. 3c) . The highest number of interactions was recorded in May in each year except 2007, where it was June (Fig. 4) . In 2010, the number of interactions recorded in July was higher than the peak months of interactions in 2006 and 2007 (Fig. 4) and interactions with whale sharks were recorded until late August. The average number of interactions per tour has increased nearly three-fold from 1.33 interactions per tour in 2006 to 3.67 interactions per tour in 2010. The average number of tour boats operating on days that shark interactions were recorded, increased from 4.8 ± 0.3 in 2006 to 6.2 ± 0.2 in 2010.
Spatial and temporal patterns of whale shark interactions
At North Ningaloo, the number of tour vessel interactions with whale sharks for the five years between 2006 and 2010 showed that the interactions were concentrated around South Passage, extending from Mangrove Bay (21.95 S) to 22.09 S (Fig. 6) . In contrast, the interactions at South Ningaloo over the whole study period were more widely dispersed, with a concentration outside passage 1 and several small concentrations between Bruboodjoo Point (22.97 S) and Coral Bay (23.15 S) (Fig. 6) . The highest concentrations of interactions were within 3 km and 6 km of the reef 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 crest at North Ningaloo and South Ningaloo, respectively. Interactions were more widely dispersed away from the reef crest at South than North Ningaloo (Figs. 5 and 6). The kernel density plots for the whale shark interactions in individual years showed some differences in the distribution of interactions among years (Figs. 5 and 6). In 2006, 2007 and 2009 the main concentration of interactions at North Ningaloo were south and west of south passage (21.94e22.08 S), with higher concentrations to the south of this passage (Fig. 5) . In 2008, the interactions at North Ningaloo were more widely dispersed (Fig. 5) . In 2010, interactions at North Ningaloo were generally concentrated further north than in the previous four years, particularly compared with the high interaction year of 2009 (Fig. 5) .
At South Ningaloo, interactions were very patchy in 2006 and 2007, apart from a small concentration adjacent to the main passage in 2006 (22.99e23.06 S) (Fig. 6) . In 2008, the main concentration of interactions at South Ningaloo extended between passage 1 and passage 2 (22.76e22.87 S) (Fig. 6 ). Interactions were evenly distributed from Point Cloates to Coral Bay (22.71e23.19 S) in 2009. In 2010, interactions were concentrated between Bruboodjoo Point and Coral Bay (22.97e23.15 S), with a large proportion of these in or around the main passage (Fig. 6 ). Interactions were concentrated much further south in 2010 than in the previous four years at South Ningaloo, with very few interactions occurring north of Bruboodjoo Point (Fig. 6) .
Predictors of whale shark interactions
Over the five years from 2006 to 2010, the best single factor for predicting the presence/absence of whale shark interactions was the distance to the reef crest at North and South Ningaloo. The change in AIC (D AIC) at North Ningaloo from distance to the nearest passage to distance to the reef crest was about 550, while at South Ningaloo, the D AIC between the distance to main passage and the distance to the reef crest was 1514. Distance to reef crest was also the best single factor predictor for the number of interactions at North and South Ningaloo. The multifactor models for the presence/absence of interactions did not improve the fit over the single factor models. In contrast, the most parsimonious model for predicting the number of whale shark interactions at North Ningaloo included a combination of distance to reef crest and distance to nearest passage (AIC ¼ 8146.0), compared with the single factor model for distance to reef crest (AIC ¼ 8868.6). At South Ningaloo three factors were fitted to the most parsimonious model for the number of interactions; distance to reef crest, distance to passage 1 and distance to main passage (AIC ¼ 6208.5), a D AIC of 1009 compared with the model for distance to reef crest only.
Discussion
Tourism interactions with whale sharks
The results from the current study show that whale shark tourism at Ningaloo has increased markedly between 2006 and 2010, with increases in both the number of tours (70%) and the number of days with a recorded interaction (68%). The number of tours increased by a further 12% in 2011 (E. Wilson, DPaW, unpublished data) . Most of this growth has been at North Ningaloo, where the number of tours increased from 398 to 712 between 2006 and 2010. Interactions with whale sharks were recorded on most days between April and July but in 2010, several tours took place in August and September, increasing the number of days that tour operators interacted with whale sharks.
The number of interactions made by tour operators during the whale shark season has increased by a much greater extent (4.7 times) than the number of tours and days with interactions, with the total number of interactions increasing from 694 in 2006 to 3254 in 2010. With tours continuing to operate in August and September, the number of interactions has the potential to increase further. Although the possible impact of an increasing number of interactions with whale sharks at Ningaloo is unknown, Norman (2002) observed short term responses of whale sharks to interactions with tour operators, such as sharks diving or banking. He suggested that long-term impacts, such as changes to feeding patterns, or stress and injury as a result of boat strikes, are possible with high interaction rates. Previous studies that have investigated the impact of nature-based tourism on dolphin populations have found that increases in the number of interactions between vessels and dolphins have had negative impacts on the resident population (Bejder et al., 2006) .
The average number of tour boats operating on days when interactions with whale sharks were recorded increased by nearly 30% between 2006 (4.8 tour boats per day) and 2010 (6.2 tour boats per day). In the peak months of April and May, up to 14 boats can be operating on a single day at Ningaloo. In Belize, the number of whale shark tour operators increased rapidly from one in 1996 to 26 in 2005, and even with adjustments to management practices, the number of whale sharks aggregating there decreased, as well as the likelihood of seeing a whale shark (Carne, 2007) . Whale shark tourism started in 2002 off the Yucatan Peninsula in the Caribbean and grew very rapidly over the next five years to a total of 140 operators. This led to concerns about the possible impacts on the sharks as compliance with the codes of conduct was still a problem (Rowat and Brooks, 2012) . The whale shark tourism industry that operates at Ningaloo Reef is a world leader in terms of management and the adoption of a code of best practise for tour operators. The number of tour operators has been controlled through the use of licensing since 1993 (Catlin et al., 2010; Rowat and Brooks, 2012) and the number of vessels operating at Ningaloo has never exceeded 15 (Catlin et al., 2010) , which is much lower than the number of vessels operating in Belize and the Yucatan Peninsula. These examples demonstrate the importance of regulating the number of boats that operate in the industry and strictly enforcing the codes of conduct, in order to maintain the sustainability of whale shark tourism.
The number of tourists taking part in whale shark tours at Ningaloo has increased greatly from 1000 in 1993 to over 17,000 in 2011 (DPaW, 2013) . Similar large increases in whale shark tourism have been reported at other locations (for review see Rowat and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Brooks, 2012): e.g., the number of tourists swimming with whale sharks in Donsol in the Philippines increased from 850 in 1998 (Pine et al., 2007) to 7100 in 2005 (Quiros, 2007) and over 16,000 tourists swam with whale sharks off the Yucatan Peninsula in the Caribbean in 2007 (Remolina Su arez et al., 2007) . The behaviours of whale sharks at both of these locations are thought to have been impacted by these large numbers of tourists, mainly as a result of tour operators not following the codes of conduct (Rowat and Brooks, 2012) . Quiros (2007) observed that when whale sharks were touched or their swimming path was obstructed by divers, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 sharks modified their behaviour by diving, banking, changing direction and even shuddering. Following the growth in tourism in Belize, management changes were introduced and tourism increased to >2000 visitors in 2006 (see Rowat and Brooks, 2012) . Whale shark tourism has been well regulated at Ningaloo since its inception in 1993 and the numbers of whale shark interactions in 2010 were the highest on record. The number of whale sharks present has been debated. Bradshaw et al. (2008) reported a decline in mean length and whale shark numbers at Ningaloo, while Holmberg et al. (2009) , concluded that the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 reduction in length was due to the recruitment of new, smaller individuals into the aggregation and that the whale shark numbers may have been increasing.
Spatial patterns of whale shark interactions
The concentration of tour vessel interactions with whale sharks adjacent to south passage at North Ningaloo is consistent with observations from spotter planes which show that large numbers of whale sharks are sighted off reef passages (Wilson et al., 2002) . Wilson et al. (2002) used hydro-acoustic surveys to investigate the distribution of zooplankton during the whale shark season at Ningaloo Reef and often observed whale sharks associated with frontal zones out from south passage and to the south of this passage. At Ningaloo Reef, oceanographic fronts form adjacent to passages as dense lagoon water meets fresher shelf water, creating intense mixing which is often associated with dense plankton assemblages (Wilson et al., 2002) . Wilson et al. (2002) observed the highest productivity, determined from acoustic mean volume backscatter data collected using an echosounder, out from north passage and south passage, which suggests that dense plankton assemblages are found in these areas. Whale sharks target high concentrations of plankton when feeding at Ningaloo (Jarman and Wilson, 2004) and as a consequence, these areas are likely to attract large numbers of whale sharks, and therefore, interactions with tour operators. Whale sharks have also been observed feeding in waters adjacent to passages at the Great Barrier Reef (Wolanski and Hamner, 1988) . Studies on the planktivorous basking shark have made similar observations, finding that frontal features, like those observed adjacent to passages at Ningaloo, are important feeding habitats for these sharks (Sims et al., 2003) .
Whale shark interactions at South Ningaloo were also concentrated adjacent to passages, probably for similar reasons to those outlined for North Ningaloo. The two passages located just south of Point Cloates are zones of mixing of different water masses as a result of outflow from these passages and also due to the Ningaloo Current, which begins to turn in a westerly direction as it approaches Point Cloates (Woo et al., 2006) . Hanson et al. (2005) recorded high primary productivities in the Ningaloo Current waters just south of Point Cloates. Therefore, it is likely that dense plankton assemblages would arise here as a result, particularly in years when the Ningaloo Current is flowing at a reasonable strength (El Ninõ years), which would help to explain the high densities of interactions with whale sharks in these areas. In the strong La Niña year of 2010, very few interactions were observed adjacent to these passages just south of Point Cloates and were instead concentrated much further south, lending some support to this theory.
Distance to the reef crest and the passages in the reef were the best predictors of whale shark interactions. This finding is consistent with the close association of whale sharks with the reef at Ningaloo, which has been reported in several other studies (Taylor, 1996; Gunn et al., 1999; Gleiss et al., 2011) . In the north, tour operators use these passages to gain access to the outer reef and direct the spotter planes to begin their search in these areas. Therefore, if whale sharks are sighted in these areas, tour operators will interact with these sharks rather than those located further away to reduce operating costs. However, tour operators will travel longer distances if whale sharks are not sighted near passages, as customers are offered a repeat trip if no interaction occurs.
Our results based on the reported tour vessel interactions with whale sharks provide some indications of the distribution of whale sharks at Ningaloo but cannot be regarded as providing an unbiased representation of their pattern of distribution and relative abundance. In attempting to minimise costs, tour operators concentrate the searching time of spotter planes on areas known for whale sharks that are close to starting points of the tours to allow completion of the tour within one day. The patterns of reported interactions are likely to under-represent the number of whale sharks found further from the reef crest and the tour starting points of Tantabiddi in the north and Coral Bay in the south. In our study, no interactions were recorded in the area between North and South Ningaloo, about 50 km from Tantabiddi and Coral Bay, and further than it is possible for tour operators to travel and interact with whale sharks in a single day. Whale sharks have been sighted during independent whale shark aerial surveys in this area distant from the tour starting points (Taylor, 1996) , although in lower numbers than further north (Taylor, 1996) . Whale sharks tagged at Ningaloo have also been recorded moving through this region (Sleeman et al., 2010b) .
Interannual variation in interactions
The distribution of whale shark interactions at north and south Ningaloo (Figs. 6 and 7
Q1
) varied between years, particularly in the strong La Niña year of 2010. Rohner et al. (2013) also found that whale shark numbers varied between years and reported a decline in sightings at Mozambique over time. They attributed this decline to a variety of potential factors such as bycatch in a purse-seine fishery, net entanglement, anthropogenic disturbance, and variation in large-scale oceanographic processes that may influence whale shark food.
At North Ningaloo, the main concentration of whale shark interactions was adjacent to south passage between 2006 and 2009. At South Ningaloo, interactions were well spread out between 2006 and 2009, with some of the larger concentrations occurring adjacent to the passages just south of Point Cloates. The distribution of interactions at North and South Ningaloo in the strong La Niña year of 2010 (Fig. 2 , Pearce and Feng, 2012 ) differed markedly from those of the previous four years, possibly due to changes in the distribution of their zooplankton prey in response to the altered oceanographic conditions (see also Richardson, 2008; Rohner et al., 2013) .
In 2010, interactions were generally concentrated further north at North Ningaloo and further south at South Ningaloo. The concentration of interactions further north at North Ningaloo in 2010 is not what would be predicted based on observations made by previous studies. The southerly flowing Leeuwin Current is stronger under La Niña conditions, and as a result, it was predicted that prey are likely to be transported further south in strong La Niña years (Wilson et al., 2001 ; see also; Woo et al., 2006) . The interactions at South Ningaloo, which had been wide spread in 2008 and 2009, were concentrated in the southern parts of this region in 2010. This suggests that the stronger southerly flowing Leeuwin Current may have been more influential at South Ningaloo than at North Ningaloo in 2010. Wilson et al. (2001) also suggest that the northerly flowing Ningaloo Current could be weaker under La Niña conditions, which could explain why interactions at South Ningaloo were concentrated further south.
Since 2010, whale sharks have been observed in August and even in September (B. Norman, Murdoch University, personal communication). The minimum average sea surface temperatures at North Ningaloo in 2010 were higher than in the previous four years, an indication that suitable conditions may have lasted longer in 2010, allowing the whale sharks to stay at Ningaloo until later in the year. A similar pattern was observed in 2011, when the minimum average SST were again higher than usual (Fig. 3) . Whale sharks at Ningaloo have been found to favour the warmer waters and have been observed in waters between 24 and 32 C (Sleeman et al., 2007; Sequeira et al., 2012) . In 2010, 2011, the average monthly sea 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 surface temperatures at North Ningaloo remained close to or above 24 C throughout the year. If the La Niña weather pattern continues and sea surface temperatures remain higher for longer, whale sharks are likely to remain at Ningaloo until later in the year.
Conclusions
The whale shark tourism industry at Ningaloo increased markedly between 2006 and 2010. The tour vessel interactions with whale sharks at North and South Ningaloo were concentrated within 3 km of the reef crest in the North and 6 km in the South and were also close to reef passages in both regions. High densities of plankton and whale shark interactions have been observed around passages, indicating that these areas are potentially important feeding sites for whale sharks at Ningaloo, and therefore, important areas for the conservation of whale sharks. The distribution of interactions with whale sharks varied among years at North and South Ningaloo, particularly in the strong La Niña year of 2010. The higher sea surface temperatures that have been recorded in the La Niña years appear to allow whale sharks to stay longer than usual at Ningaloo, with whale sharks being sighted in August and September. Further research is required to investigate the response of whale sharks to consecutive interactions from multiple tour operators and the number of interactions that individual whale sharks are experiencing per year in order to determine how many interactions are believed to be sustainable. This study demonstrates the value of the data collected by the Department of Parks and Wildlife and the tourism operators at Ningaloo Reef for the conservation of whale sharks . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25   26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 
